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Introduction
Toxoplasma gondii is an obligate intracellular parasite of warm-blooded animals. It is generally assumed that approximately 30% of the world's human population is infected by this parasite [1] . While infection with T. gondii causes no symptoms in healthy adult humans, it causes severe symptoms such as toxoplasmic encephalitis in immunocompromised patients, including individuals diagnosed with AIDS [2] . Moreover, if a woman receives her first exposure to T. gondii while pregnant, the fetus can be congenitally infected. Congenital toxoplasmosis is associated with fetal death and abortion, and can cause chorioretinitis, hydrocephalus, or intracranial calcifications [3] .
In its intermediate host, T. gondii proliferates as two different asexual stages, termed tachyzoite and bradyzoite. Tachyzoite is a stage of rapid growth occurring during initial acute infection [4] . The majority of tachyzoites are efficiently eliminated by interferon-gamma (IFN-γ)-dependent cell-mediated immune responses. However, in some sites, including the central nervous system (CNS), tachyzoites differentiate into bradyzoites that eventually establish a chronic infection [5] . Bradyzoite is a prolonged slow-growing cyst stage that persists for the lifetime of the host [6] . This chronic infection causes neurologic and behavioral abnormalities secondary to inflammation and loss of brain parenchyma [7] .
T. gondii is capable of infecting any nucleated cell in vitro, including astrocytes, microglia, and neurons [8] . However, suggested roles for these brain cells during T. gondii infection are quite different. Previous in vivo studies showed that parasitic cysts in the brain are found almost exclusively within neurons, suggesting neurons are the primary target cell for T. gondii [9, 10] . Astrocytes play contradictory roles as either parasite proliferation recipients or protective immune response activators, with each role likely depending on the degree of infection [11] . Microglia are often considered to be the tissue-resident macrophages of the brain [12] . Upon infection with T. gondii, microglia exhibit hypermotility similar to that described for dendritic cells, suggesting microglia may also act as "Trojan horses" to facilitate dissemination of the parasite [13, 14] .
Toll-like receptor 2 (TLR2), an important pattern recognition receptor of pathogen-associated molecular patterns, plays a critical role in mammalian innate immune responses [15, 16] . However, the importance of TLR2 in resistance against T. gondii remains controversial. Mun et al. [17] reported that TLR2-deficient mice failed to survive against T. gondii infection, and concluded that TLR2 is an essential molecule for protective immunity against T. gondii. In contrast, Debierre-Grockiego et al. [18] reported no effect of single TLR2-knockout on the survival of mice during infection, and went on to describe varying roles for TLRs during T. gondii infection depending on the genetic background of mice, infective inoculums, and parasite strain used. TLR2 expression has been observed in astrocytes, microglia, and neurons, where it may play roles in the development and regulation of CNS inflammation, neurodegeneration, and trauma [19] . However, much remains unknown about the relationship between T. gondii infection-induced neurological disorders and the function of TLR2 in the brain.
To characterize functions of the TLR2 signaling pathway in different CNS cell types, we obtained primary cultured astrocytes, microglia, neurons, and peritoneal macrophages from wild-type and TLR2-deficient mice. These cells were exposed to T. gondii tachyzoites, and their gene expression was profiled by RNA-sequencing (RNA-seq). Our results showed that during T. gondii infection, cells differentially expressed many genes associated with immune responses, cell activation, and cell metabolism in a TLR2-dependent manner. To our knowledge, this is the first transcriptomic study focusing on TLR2 in different CNS cell types infected with the parasite. Our findings provide basic information on the relationship between the TLR2 pathway and T. gondii, and facilitate better understanding of mechanisms underlying neurological changes occurring during T. gondii infection.
Materials and methods

Ethics statement
This study was performed in strict accordance with recommendations of the Guide for the Care and Use of Laboratory Animals of the Ministry of Education, Culture, Sports, Science and Technology, Japan. The protocol was approved by the Committee on the Ethics of Animal Experiments at Obihiro University of Agriculture and Veterinary Medicine (permit numbers 23-56, 24-10, 25-62, and 26-67). All surgeries were performed under isoflurane anesthesia with every effort made to minimize animal suffering.
Animals
C57BL/6J mice, 6-8 weeks of age, were obtained from Clea Japan (Tokyo, Japan). Homozygous TLR2-knockout (Tlr2 -/-) mice were a kind gift from Dr. Satoshi Uematsu and Dr. Shizuo Akira (Osaka University, Osaka, Japan) [15] . To obtain primary brain cells, 8 fetal mice were harvested from one adult female of each genotype 17-18 days after mating. Fetal mice were used without distinction of sex. Peritoneal macrophages were collected from one adult female mouse of each genotype. All animals were housed under specific-pathogen-free conditions in the animal facility of the National Research Center for Protozoan Diseases at Obihiro University of Agriculture and Veterinary Medicine, Hokkaido, Japan.
Preparation of T. gondii tachyzoites
Tachyzoites of T. gondii (PLK strain, type II) were maintained by serial passage on monolayers of Vero cells at 37˚C in humidified air with 5% CO 2 . Parasites and host cell debris were washed by centrifugation and resuspended in cold phosphate-buffered saline (PBS). Clustered cells and debris were removed by repeatedly passing through a 27-gauge needle and filtering with a 5.0-μm pore-size filter (Millipore, MA, USA).
Astrocyte cultures
Astrocytes were obtained from brain cortices of fetal mice (age, E17-18) according to a previously described procedure [20] , with some modifications. Fetal mice were decapitated and brains were removed. After removing meninges, cortices were mechanically dissociated into a single-cell suspension in Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich, Tokyo, Japan) containing 0.25% trypsin and 0.01% DNase. After incubation at 37˚C for 10 min, dissociated cells were washed and suspended in DMEM/F-12 (Gibco-BRL, CA, USA) supplemented with penicillin-streptomycin (100 U/ml of penicillin and 100 μg/mL of streptomycin; Sigma-Aldrich), 10% fetal bovine serum (FBS; Columbia Biosciences, MD, USA), and G-5 Supplement (Gibco-BRL). Cells were plated in 75-cm 2 flasks at a density of 2 × 10 6 cells/flask and incubated at 37˚C in a humidified 5% CO 2 and 95% air atmosphere.
Culture medium was changed every 3 days until cultures reached confluence, usually after 7-8 days. Astrocyte monolayers were washed and dissociated with 0.25% trypsin-EDTA solution. Dissociated astrocytes were centrifuged at 4˚C and 500 × g for 5 min, washed in DMEM/F-12 supplemented with 10% FBS and G-5 Supplement, and reseeded in 24-well plates at a density of 2 × 10 5 cells/well. Primary astrocytes were allowed to grow for 16 h before infection.
Approximately 95% of cultured cells were identified as astrocytes based on positive staining for glial fibrillary acidic protein (S1 Fig) .
Microglia cultures
Microglia were obtained using a procedure similar to that used for astrocytes, with some modifications. Dissociated brain cells were washed and suspended in DMEM/F-12 supplemented with penicillin-streptomycin, 10% FBS, and 10 ng/ml of granulocyte-macrophage colonystimulating factor (R&D Systems, MN, USA). Cells were plated in 75-cm 2 flasks at a density of 4 × 10 6 cells/flask and culture medium was changed every 3 days. After 10-11 days of incubation, microglia were detached from the astrocyte monolayer by pipetting. Suspended cells were centrifuged and reseeded in 24-well plates at a density of 2 × 
Neuron cultures
Neurons were obtained according to a previously described procedure [21] , with some modifications. Brain cells were suspended in DMEM/F-12 supplemented with penicillin-streptomycin and B27 supplement, and then plated in 12-well plates at a density of 1 × 10 6 cells/well.
Culture medium was changed every 3 days. Primary neurons were allowed to grow for 8 days before infection. To compare proportion of neurons in cultured cells, mean normalized counts for a neuronal marker Rbfox3, also called NeuN, in RNA-seq data were compared between uninfected wild-type and uninfected Tlr2 -/-samples, and there was no significant difference with a false discovery rate (FDR) of 0.12.
Peritoneal macrophage cultures
Peritoneal macrophages were isolated from peritoneal cavities 4 days after injection of 1 mL of 4.05% thioglycollate medium. Peritoneal exudate cells were harvested by lavage with 5 ml of ice-cold PBS and filtered through a 40-μm cell strainer to remove cell aggregates and debris. After centrifugation at 1000 × g for 5 min, pelleted cells were resuspended in DMEM supplemented with 10% FBS and penicillin-streptomycin, and seeded in a 96-well plate at a density of 4 × In vitro infection and RNA extraction
Primary cultured cells were infected with purified T. gondii tachyzoites. Multiplicities of infection were 1, 1, 0.2, and 0.25 for astrocytes, microglia, neurons, and macrophages, respectively. After 24 h of infection, total RNA was extracted with TRI reagent (Sigma-Aldrich) according to the manufacturer's instruction. The experiment was performed in triplicate wells.
RNA-seq analysis
Transcriptome sequencing was performed as described in our previous study [22] . Briefly, 1 μg of total RNA was subjected to poly-A selection. Sequencing libraries were constructed with a TruSeq RNA Sample Prep Kit (Illumina, CA, USA), while 36-bp single-end sequencing was performed with the Illumina Genome Analyzer IIx and TruSeq SBS Kit v5-GA (36-cycle) (Illumina) according to the manufacturer's instructions. All treatments and subsequent analyses were performed for individual transcripts. Sequence tags were aligned using TopHat (version 1.3.3 doi:10.1093/bioinformatics/ btp120) and general transfer format (gtf) data (Mus_musculus.GRCm38.69), as previously described [22] . Raw sequence reads were mapped to the mouse genome (mm10) with an allowance of two mismatches. The reads were also mapped to the T. gondii genome (ToxoDB34_TgondiiME49) using general feature format (gff) data obtained from ToxoDB [23] .
Identification of differentially expressed genes (DEGs)
Based on mapping results, normalized transcription profiles were estimated using the DESeq package in R software [24] . Mean normalized counts were calculated from raw read counts for each transcript. MGI ID and gene ontology (GO) data were obtained from the Mouse Genome Informatics database [25] , and then integrated into the estimated expression profiles, together with gene biotypes extracted from gtf data. The expression of each gene was compared between infected and uninfected cells using DESeq. DEGs were identified as genes with a twofold change (log2 fold-change > 1 or < -1) and < 0.05 FDR.
Identification of TLR2-dependent genes
DEGs were compared between wild-type and Tlr2
-/-cells to identify which genes were differentially expressed in a TLR2-dependent manner. DEGs upregulated or downregulated in wildtype but not Tlr2 -/-animals were regarded as TLR2-dependent genes. Such genes were functionally categorized by GO term enrichment analysis. Statistical overrepresentation of GO terms for selected genes were compared with reference genes (all genes; 37315 genes) using the GOseq package in R software [26] . Functional annotation charts of enriched GO terms were generated using GO terms associated with biological process. Only GO terms with a < 0.05 pvalue were used to represent functional enrichment. Furthermore, TLR2-dependent genes were compared among brain cells (i.e. astrocytes, microglia, and neurons) and between phagocytic cells (i.e. microglia and macrophages). TLR2-dependent genes in each cell type were also subjected to GO analysis as described above.
To exclude minor expressed genes from consideration, highly upregulated or downregulated TLR2-dependent DEGs were defined by cut-off values of > 100 mean normalized counts in infected wild-type for upregulated genes, and > 50 mean normalized counts in uninfected wild-type for downregulated genes. When gene expression levels were compared among all four groups (i.e. uninfected wild-type, infected wild-type, uninfected Tlr2 
Cytokine and PGE 2 analyses
Astrocytes, microglia and peritoneal macrophages were infected with T. gondii tachyzoites as described above. For astrocytes, culture supernatants at 48 h after infection were collected to measure production of interleukin (IL)-6. For microglia, concentration of IL-12p40, IL-6 and IL-10 at 24 h after infection and concentration of IL-1β at 48 h after infection were measured. For macrophages, IL-6 and IL-12p40 levels were measured at 24 h after infection. Concentration of these cytokines were determined using a set of ELISA kits (BD Pharmingen), according to the manufacturer's recommendations. Supernatants of astrocytes were also tested for Prostaglandin E2 (PGE 2 ) with an enzyme immunoassay kit (Cayman Chemical Co., MI, USA).
Nitric oxide (NO) and cytokine analyses after stimulation by IFN-γ
Microglia from wild-type and Tlr2 -/-mice were infected with T. gondii tachyzoites as described above and then stimulated with recombinant IFN-γ (10 ng/mL). Culture supernatants were harvested at 24 h after infection to determine concentration of NO using a nitrite/nitrate assay kit (Cayman Chemical Co.), according to the manufacturer's recommendations. Concentration of IL-12p40 in the supernatants was also determined as described above.
Statistical analysis
For the resulting top 30 GO terms in each analysis, the number of DEGs associated with a GO term was compared between wild-type and Tlr2
. Statistically significant differences were determined by Fisher's exact test (p < 0.05). For analyses of production of cytokines, PGE 2 and NO, Student's t-test was performed to determine significant differences between the two genotypes (p < 0.05).
Results and discussion
TLR2-dependent gene expression induced by T. gondii in astrocytes
RNA-seq was performed to profile the gene expression of primary cultured astrocytes during T. gondii infection. Comparing DEGs between infected and uninfected wild-type astrocytes, 764 genes were more abundant and 181 were less abundant in infected cells (Fig 1A and 1B) . Compared with wild-type cells, the number of DEGs was significantly decreased in Tlr2 -/-astrocytes, as 172 genes were more abundant and 31 less abundant in infected cells compared with uninfected. DEGs were considered to be TLR2-dependent if they were differentially expressed in wild-type but not Tlr2 -/-cells. In total, 611 upregulated and 163 downregulated genes were TLR2-dependent in astrocytes (Fig 1A and 1B) . To overview their function, TLR2-dependent DEGs were subjected to GO enrichment analysis. Among upregulated TLR2-dependent genes, overrepresented GO terms were primarily related to stress and immune responses, and cytokines ( Fig 1C) . Proposed functions of downregulated genes were associated with cell surface receptor signaling pathways, ion transport, and behavior (Fig 1D) . These results suggest that TLR2 is important for promoting cytokinemediated immune responses against T. gondii in astrocytes, and may also be related to behavioral disorders observed within individual animals during T. gondii infection.
To analyze pathways regulated by TLR2 in more detail, TLR2-dependent genes were ranked according to fold-changes between infected and uninfected wild-type, and expression of the top 20 genes was compared (Fig 1E and 1F ; S1 and S2 Tables). The top 20 upregulated genes included many IFN-inducible genes (such as F830016B08Rik, Gbp2, Gbp3, Gbp4, Gbp9, Gbp10, Gm4951, Gm12250, Ifi47, Igtp, Mx2, and Slfn8). Among IFNs, only IFN-β (encoded by Ifnb1) was significantly upregulated in wild-type but not Tlr2 -/-although the expression level was very low (S3 Table) . Perhaps expression of these IFN-inducible genes is induced by INF-β in a TLR2-dependent signaling pathway. Regardless, p65 guanylate-binding proteins (GBPs), including GBP2 and GBP3, localize at the parasitophorous vacuole of T. gondii where they directly contribute to control of the parasite [27, 28] . GBPs, including GBP4, GBP9, and GBP10, were reported to be more abundant in acute, but not chronic infection [29] . Subsequent investigation of gene-deficient mouse strains showed that p47 GTPases, such as IRG-47 (encoded by Ifi47) and IGTP, are essential during infection with intracellular pathogens such as Listeria monocytogenes, Mycobacterium tuberculosis, or T. gondii in mice [30, 31] . The IFNinducible GTPase family (Gbp4, Gbp8, Iigp1, Igtp, and Tgtp2) has also been reported to be significantly upregulated in the brains of mice infected with T. gondii [22] . Our present results are consistent with these previous studies, suggesting upregulation of these genes was dependent on TLR2. In addition, upregulated genes included those related to antiviral activity in both a positive (Mx2, Oas1b, Oas2, Slfn8, Zbp1) and negative (Nlrc5) manner. For example, 2'-5'-oligoadenylate synthases (OASs) mediate RNA degradation as part of the innate antiviral immunity pathway [32] . Thus, differential expression of these genes may suggest immune responses against viral infection were also affected by T. gondii infection in a TLR2-dependent manner. An early study reported that a virulent strain of T. gondii (RH) induced high levels of antiviral activity in the serum and peritoneal fluid of mice, and that prior inoculation with avirulent T. gondii (ME49) induced in vivo antiviral protection against a neurotropic virus, Mengo virus [33] . Few genes were remarkably downregulated in a TLR2-dependent manner during T. gondii infection, partially because their expression was affected just by the deficiency of TLR2. Of the genes downregulated, F13a1 (encoding coagulation factor XIII A chain) was downregulated only in infected wild-type astrocytes. Notably, coagulation factor XIII normally acts to stabilize fibrin clots by cross-linking fibrin monomers [34] , with low levels of this enzyme being correlated with clinical severity of human Plasmodium falciparum malaria [35] . In addition, coagulation factor XIII A is produced by astrocytes and microglia in goldfish, where it has been implicated in the regeneration of retina and optic nerve [36] . Hence, downregulation of this molecule is perhaps related to decreased neuronal function during toxoplasmosis.
TLR2-dependent gene expression induced by T. gondii in microglia
The number of DEGs in Tlr2 -/-microglia was much lower than in wild-type. Wild-type microglia upregulated 1247 genes and downregulated 1305 genes during T. gondii infection, while Tlr2 -/-microglia upregulated 723 genes and downregulated 151 genes (Fig 2A and 2B ). Of these DEGs, 777 upregulated and 1207 downregulated genes were expressed in a TLR2-dependent manner (Fig 2A and 2B) . Upregulated TLR2-dependent DEGs were associated with stress and immune responses, as well as developmental processes (Fig 2C) . For downregulated DEGs, GO terms associated with phosphorylation and cell cycle were overrepresented (Fig 2D) . Stress and immune responses were also overrepresented in astrocytes, while other overrepresented GO terms were different to those observed in astrocytes. Likely, this is because both astrocytes and microglia play major roles in the immune response, but their detailed functions are quite different. Astrocytes act as neuroprotective barriers to inflammatory cells and infectious agents, and restrict the spread of invading microbial agents such as T. gondii into the CNS parenchyma. Whereas, microglia are motile and phagocytic cells that function as macrophages within the CNS [37] [38] [39] . Microglial proliferation is a major component in the evolution of chronic neurodegeneration [40] . The regulation of microglia proliferation during T. gondii infection may also be associated with neurological disorders observed in the brain. Microglia are important for the production of inflammatory cytokines within the brain, as well as serving as antigen-presenting cells similar to dendritic cells and macrophages. Genes encoding cytokines/chemokines (Csf3, Cxcl5, Il12a) were among the highly upregulated TLR2-dependent DEGs (Fig 2E, S4 Table) . Notably, TLR2 is required for the production of C-X-C motif chemokine 5 (CXCL5) in the brain in response to Staphylococcus aureus [41] , and for the production of IL-12 by microglia in response to herpes simplex virus [42] . Activation of TLR2 by bacterial lipoprotein upregulates the production of granulocyte-colony stimulating factor (G-CSF, encoded by Csf3) by neutrophils [43] . Consistent with these studies, our results suggested that TLR2 was largely responsible for the production of these proteins in microglia. In addition, some TLR2-dependent upregulated DEGs (Adam19, Mab21l3, Ntng2, Penk, Slc1a2, Syt7) were associated with neural development and synaptic function [44] [45] [46] [47] [48] [49] , suggesting that microglia affected CNS neural functions in a TLR2-dependent manner during T. gondii infection. In a recent study of inflammatory mechanisms and neural circuit function, TLR2 was reported to have an important role in the development of sickness behaviors via stimulation of hypothalamic microglia to promote neuronal activation [50] . In contrast, some genes encoding C-type lectins (Clec10a, Mgl2, Mrc1, Sell) were clearly downregulated in infected wild-type microglia but not in Tlr2 -/-microglia ( Fig 2F, S5 Table) . Both TLRs and Ctype lectin receptors are pattern recognition receptors, thus these results may suggest that the recognition pathway dependent on C-type lectins is suppressed after pathogen recognition by TLR2.
TLR2-dependent gene expression induced by T. gondii in neurons
Wild-type neurons had 854 upregulated and 290 downregulated genes, while Tlr2 -/-neurons had 732 upregulated and 328 downregulated genes (Fig 3A and 3B) . Notably, the difference in the number of DEGs between wild-type and Tlr2 -/-was relatively small compared to other cell types examined. A total of 358 genes were upregulated and 158 genes were downregulated in a TLR2-dependent manner (Fig 3A and 3B) . Overrepresented GO terms for upregulated DEGs were primarily associated with stress and immune responses, and metabolic processes (Fig 3C) . For TLR2-dependently downregulated DEGs, overrepresented GO terms were associated with metabolic processes and negative regulation of cytokine production, however numbers of DEGs for each GO term were not significantly different between wild-type and Tlr2 -/- (Fig 3D) .
Expression profiles were also compared for each gene. Serpinb2 (encoding serine protease inhibitor b2) was highly upregulated in a TLR2-dependent manner (Fig 3E, S6 Table) . Previous studies have shown inhibited activity of T. gondii serine protease by some serine protease inhibitors, resulting in the restricted invasion and replication of the parasite and decreased parasite viability [51] [52] [53] . Notably, genes associated with inflammatory response (Ptges, Lcn2, Nlrp3, Chi3l1) were highly upregulated only in wild-type neurons. Upregulation of Ptges, which encodes prostaglandin E synthase, is notable considering the results of a previous study suggesting that T. gondii induces PGE 2 in macrophages [54] . In addition, Hpgd expression was highly downregulated (Fig 3F, S7 Table) . Hydroxyprostaglandin dehydrogenase 15-(NAD), which is encoded by Hpgd, is involved in prostaglandin inactivation [55] . Considering these factors together, the parasite appears to induce secretion of the immunosuppressive molecule PGE 2 to enable its survival within the host. NLRP3, the sensor component of the NLRP3 inflammasome, plays a crucial role in innate immunity and inflammation. T. gondii activates both NLRP1 and NLRP3 inflammasomes in vivo, and the activation of these sensors has been implicated in host resistance to toxoplasmosis [56] . Lipocalin 2 (encoded by Lcn2) is involved in innate immunity, possibly by sequestrating iron to limit the growth of bacteria and Plasmodium parasites [57, 58] , but its function during T. gondii infection is unknown. Interestingly, some downregulated genes were associated with growth factor signaling (Reps2, Eps8, Igf1) [59, 60] or axon guidance and neuronal migration (Plxnc1, Plxnb3) [61, 62] (Fig 3F) . Differential expression of these genes perhaps indicates that TLR2 signaling is needed to maintain normal neuronal function during infection. Although TLR2 has been reported to be upregulated in neurons in response to glucose deprivation or IFN-γ stimulation [63] , so far, the relationship between this pathway and T. gondii infection has not been revealed.
TLR2-dependent gene expression induced by T. gondii in macrophages
Comparing gene expression profiles between infected and uninfected wild-type macrophages, 1687 genes were more abundant and 1670 were less abundant in infected cells. In infected
Tlr2
-/-macrophages, 1002 genes were more abundant and 501 were less abundant (Fig 4A and   4B ). Macrophages expressed 1105 upregulated and 1274 downregulated genes in a TLR2-dependent manner (Fig 4A and 4B) . Interestingly, for upregulated TLR2-dependent genes in macrophages, GO terms associated with stress and immune responses did not rank in the top 20, unlike other cell types examined (Fig 4C) . Instead, the top 20 terms were mainly associated with metabolic processes and gene expression. However, all of the top 20 GO terms for genes upregulated in a TLR2-independent manner (upregulated genes commonly found in wild-type and Tlr2 -/-) were associated with stress and immune responses (S4 Fig). TLR2-independent pathways against T. gondii are known in some cells types, including macrophages and dendritic cells. For example, T. gondiiinduced IL-12 production by macrophages and dendritic cells was impaired by the deficiency of myeloid differentiation primary response gene 88 (MyD88), an important adaptor molecule for most TLR signaling, but not by the deficiency of either TLR2 or TLR4 [63] . For downregulated genes, terms related to cellular responses to stimuli, signal transduction, and cell motility ranked in the top 20 ( Fig 4D) .
Genes upregulated in wild-type macrophages but not in Tlr2 -/-included some C-C chemokines (Ccl2, Ccl7) and genes related to stress and immune responses (Slpi, Batf, Gsto1, Pf4) ( Fig  4E and 4F , S8 and S9 Tables). CCL2 and CCL7 are closely related chemokines, both of which attract monocytes. This suggests that the chemotactic activity of macrophages is TLR2-dependent. Moreover, these chemokines are reportedly regulated by TLR2 in microglia [42] . In our results, fold-changes for both Ccl2 and Ccl7 were higher in wild-type microglia (2.0 and 4.3, respectively) than in Tlr2 -/-(1.1 and 2.5, respectively). However, there were also many genes for which a relationship with the immune system is unknown. For example, Ms4a6d, encoding membrane-spanning 4-domains subfamily A member 6D, was highly upregulated only in wild-type macrophages (S8 Table) , but there has been no report on the function of this gene in immune responses. Cyb5r1, encoding NADH-cytochrome b5 reductase 1, also has no previously reported relationship with immune responses. This gene is involved in desaturation and elongation of fatty acids, cholesterol biosynthesis, drug metabolism, and (in erythrocytes) methemoglobin reduction, as inferred from sequence similarity. TLR2-dependent downregulated genes also included some immune-related genes (C1qb, Cd5l, Ciita, Vsig4), as well as genes Transcriptome of TLR2-deficient brain cells during Toxoplasma infection (Fig 4F, S9 Table) .
Comparison of expression profiles among brain cells
Venn diagrams were created to identify TLR2-dependent DEGs that were specifically or commonly upregulated or downregulated in different CNS cell types during T. gondii infection (Fig 5A and 5B) . The number of genes upregulated specifically in each cell type was 499 for astrocytes, 633 for microglia, and 268 for neurons (Fig 5A) . In contrast, only 19 genes were upregulated commonly in all three cell types. The number of genes downregulated specifically in each cell type was 141 for astrocytes, 1117 for microglia, and 83 for neurons (Fig 5B) , while only five genes were downregulated in all three cell types. TLR2-dependent DEGs commonly upregulated in all three cell types were mainly associated with immune responses (Ccl3, Ets1, Csf3, Pvr, Cd14, Tlr1), cell migration (Ccl3, Mmp9, Stap1, Ets1, Serpine1), inflammatory responses (Ccl3, Tnip1, Chil3l1, Ptges), and the TLR signaling pathway (Tnip1, Cd14, Tlr1) ( Table 1 ). This may suggest that TLR2 is an important regulator of these immune-related genes in all brain cells examined during infection. Downregulated genes were associated with signal transduction (Adcyap1r1, Plxnb3, Slc39a12) and ion transport (Slc39a12, Kcna6) ( Table 2) , suggesting interaction between the TLR2 pathway and T. gondii infection is commonly related to ion channel-mediated signal transduction in all three CNS cell types.
GO analysis was performed to overview the function of the TLR2-dependent genes specifically or commonly expressed in different types of brain cells (Fig 6) . For astrocytes, overrepresented GO terms for upregulated genes were associated with immune and stress responses, and cytokines, similar to results not considering cell type (Fig 6A) . For downregulated genes, GO terms were associated with behavior and ion transport (Fig 6B) . Considering the large population of astrocytes in the brain, this result may suggest specific and major roles for astrocytes in the immune response against T. gondii in the brain. Moreover, T. gondii infection may inhibit normal functions of astrocytes related to ion transport for neurons, leading to behavioral disorders in host animals. For microglia, overrepresented GO terms included cell differentiation, movement of cell or subcellular components, negative regulation of cell proliferation, as well as responses to stimuli, while cell cycle and cell division were downregulated (Fig 6C and 6D) . This result may reflect activation of microglia by TLR2-dependent responses to T. gondii infection, as the proliferation of these motile brain phagocytes is also regulated during infection. For neurons, GO terms overrepresented for both upregulated and downregulated genes showed various metabolic processes, while immune response dropped from the top 20 (Fig 6E and 6F) , suggesting TLR2 is related to metabolic processes, but does not have a major role in immune responses within neurons. The ratio of total raw read counts for T. gondii transcripts to total counts for mouse transcripts was different among different brain cell types. This might be because of the difference in the efficiency of invasion of T. gondii tachyzoites into host cells and subsequent proliferation as well as different multiplicity of infection and difference in normal transcription levels of total RNA in each cell type (S5 Fig) . Transcriptome of TLR2-deficient brain cells during Toxoplasma infection In particular, Tlr2 -/-microglia showed a significantly higher ratio than wild-type, suggesting the TLR2-dependent microbicidal activity. Different invasion and proliferation efficiency may secondarily affect different expression profiles among cell types and between genotypes. In a further study, these points should also be considered when considering effects of cell types and genotypes on gene expression profiles.
Comparison of expression profiles between phagocytic cells
TLR2-dependent DEGs were compared between two different types of phagocytic cells: macrophages and microglia (Fig 7) . The number of genes specifically upregulated in each cell type were 981 for macrophages and 653 for microglia. In contrast, the number of genes upregulated in both cell types was only 124. The number of genes specifically downregulated in each cell type was 963 for macrophages and 896 for microglia, while the number of genes downregulated in both cell types was 311. GO analysis was performed to overview the function of TLR2-dependent genes specifically or commonly expressed in different phagocytic cell types (Fig 8) . GO analysis of upregulated genes showed that metabolic process-related terms were overrepresented for macrophages, while immune response-related terms were overrepresented for microglia ( Fig  8A and 8C) . Responses to stress and stimuli were overrepresented for TLR2-dependent genes commonly in both phagocytic cell types (Fig 8E) . In contrast, downregulated genes were related to response to stimuli and signaling for macrophages, but cell cycle and cell division for microglia (Fig 8B and 8D) . Genes related to cell cycle and cell division were downregulated in both cell types (Fig 8F) . Macrophages and microglia both contribute to the immune response as phagocytic and antigen-presenting cells, and both promote inflammation by secreting cytokines [64] . However, microglia have additional characteristics differing from macrophages, such as tightly regulated spatiality and low turnover rate. Our results suggested that, via different gene expression pathways, TLR2 exerted different functions and importance for microglia and macrophages during T. gondii infection. Both phagocytic cells showed a significantly higher ratio of total raw read counts for T. gondii transcripts to total counts for mouse transcripts in Tlr2 -/-than in wild-type, suggesting the TLR2-dependent microbicidal activity of these cells (S5 Fig) . 
In vitro analysis of immune responses after T. gondii infection
The effects of deficiency of TLR2 on immunological pathways were examined in vitro. Tlr2
-/-astrocytes showed significantly lower production of IL-6 and PGE 2 than wild-type ones after T. gondii infection (Fig 9A) , corresponding to gene expression levels of Il6 and Ptges (encoding , and peritoneal macrophages (C) from wild-type (white) and Tlr2 -/-mice (black) were infected with T. gondii tachyzoites. Each bar represents the mean ± SD of triplicate wells for each group. This is a representative result of two independent experiments. Asterisks represent significant differences with p < 0.05 in Student's t-test.
https://doi.org/10.1371/journal.pone.0187703.g009 prostaglandin E synthase; S10 Table) . Wild-type microglia responded to T. gondii infection with the production of cytokines such as IL-12p40, IL-6, IL-10, and IL-1β, while Tlr2 -/-cells showed much or completely impaired production of these cytokines (Fig 9B) . These results are corresponding to much less expression of the genes encoding these cytokines in Tlr2 -/-microglia compared to wild-type (S11 Table) . Peritoneal macrophages also showed similar results for the production and gene expression of IL-6 and IL-12p40 (Fig 9C; S12 Table) . These results demonstrated that these immune-related and neuroprotective factors are not only expressed as genes but also are secreted as proteins in a TLR2-dependent manner. The production of NO, an important molecule for the clearance of T. gondii, was measured for microglial cells after T. gondii infection and IFN-γ stimulation in order to examine whether the production is dependent on TLR2. T. gondii infection significantly increased NO production in wild-type microglia, but not in Tlr2 -/-cells (Fig 10) . IL-12p40 production was also measured under stimulation with IFN-γ. The production was significantly higher in infected wildtype microglia than in infected Tlr2 -/-cells but not affected by IFN-γ (Fig 10) . These results Microglia from wild-type (white) and Tlr2 -/-mice (black) were infected with T. gondii tachyzoites. Each bar represents the mean ± SD of triplicate wells for each group. This is a representative result of two independent experiments. Asterisks represent significant differences with p < 0.05 in Student's t-test.
https://doi.org/10.1371/journal.pone.0187703.g010
Transcriptome of TLR2-deficient brain cells during Toxoplasma infection likely reflected much higher gene expression in wild-type than in Tlr2 -/-(S11 Table) and indicated that microglia produce NO and IL-12p40 in a TLR2-dependent manner.
Conclusions
This is the first report of TLR2-dependent gene expression profiling during T. gondii infection that compares different CNS cell types. Our results showed that TLR2 regulates many genes in the brain during T. gondii infection, and that TLR2-dependent genes vary greatly between different CNS cell types. Importantly, genes identified included many whose host immune system functions have been reported in previous studies, confirming the consistency and reliability of our results. In vitro experiments for levels of immune-related molecules also confirmed the importance of TLR2 in immune responses against T. gondii. Moreover, many genes whose function within the immune system remains unknown were also upregulated or downregulated in a TLR2-dependent manner. It is still unclear whether differential expression of these genes is required for T. gondii to maintain a relationship with the host or required for the host to maintain brain homeostasis by elimination of the parasite. Although further study is needed to reveal the unknown functions of genes regulated by TLR2, our study provides important basic information about TLR2-regulated host-parasite interactions within the brain, and will facilitate full elucidation of the relationship between T. gondii infection and the host immune system. 
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